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Abstract 



We consider prospects for studying the parity- violating (PV) electroweak 
excitation of the A (1232) resonance with polarized electron scattering. 
Given present knowledge of Standard Model parameters, such PV exper- 
iments could allow a determination of the N —* A electroweak helicity 
amplitudes. We discuss the experimental feasibility and theoretical inter- 
pretability of such a determination as well as the prospective implications 
for hadron structure theory. We also analyze the extent to which a PV 
N — > A measurement could constrain various extensions of the Standard 
Model. 
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I. INTRODUCTION 



With the advent of continuous wave electron accelerators at Mainz and the Jefferson 
Laboratory (formerly CEBAF), studies of the hadronic electroweak response at low- and 
intermediate-energy have entered a new era. One hopes to use these facilities to develop a 
better understanding of the structure of hadrons in terms of QCD quark and gluon degrees 
of freedom. In addition, there exists the possibility of performing searches for physics 
beyond the Standard Model (SM) of electroweak interactions. ^From both standpoints, an 
interesting class of observables are those which depend on target or electron spin. Recent 
advances in polarization technology have opened the way to precise measurements of spin 
observables. Information gleaned from these observables provides a more detailed probe of 
hadron structure and "new physics" than does data from spin-independent measurements 
alone |L]. 

As an example of the information which spin-observables might provide, we consider 
in this paper the electroweak excitation of the A(1232) resonance: 

A A (1232), (1) 

where A is the nucleon and V — j, W , or Z°. The SM has been tested with high 
precision in a variety of sectors 0, so that one knows the basics of the probe reactions 
extremely well. In principle, then, one may use these electroweak processes to study 
hadron structure as it bears on the A — > A transition amplitudes. Conversely, were one 
to have the hadronic current matrix elements sufficiently well in hand, one might exploit 
this transition as a probe of possible "new physics" beyond the standard electroweak 
theory. 

The A — > A transition is potentially useful for either purpose, since (i) the A (1232) 
resonance is nicely isolated from the plethora of other densely populated nucleon resonance 
states that appear at higher energies, and (ii) it is a pure isovector, spin-flip transition. 
The first of these features simplifies the theoretical extraction of the matrix element 
(A| Jfi\N) (Jp is the appropriate electroweak current) from the experimental observables, 
while the second affords one a kind of "filter" for selecting on various aspects of hadron 
structure or new physics. For example, there has been considerable interest recently in 
the strange quark content of non-strange hadrons [0,0- Since ss pairs contribute only 
to isoscalar current matrix elements, the A to A transition filters out ss contributions. 
Similarly, the isovector character of this transition gives it a different sensitivity to possible 
contributions from additional heavy particles not appearing in the SM than does, say, the 
weak charge measured in atomic parity violation. The A — > A offers the additional 
advantage that it only couples strongly to one outbound channel, viz., Nit. This allows 
one, in principle, to treat the unitarity issue quite rigorously Q3| implementing in the 
theoretical analysis the constraints of the Fermi- Watson theorem ||. 

The physics of the A — > A transition can be probed through a variety of processes: 
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Electromagnetic (EM): 



7 + N a -> A a (1232) ^N b + n c , (2) 

Weak neutral current (NC): 

£ + N a £ + A a ^ £ + N b + n c , (3) 

Weak charge changing (CC): 

ui (17;) +N a r (+) + A 6 -> r {+) + iV c + vr d , (4) 

or the inverse CC reactions involving incident charged leptons. Here, 7 is a real or virtual 
photon, £^ are charged leptons, n l denotes any of the charged or neutral pion states, and 
N l and A 1 are appropriate nucleon and delta states, respectively. In addition, the axial 
vector transition matrix can potentially be studied || by the purely EM reaction 

e~ + N a -> e - ' + A b + vr c -> e - ' + N d + n e + vr c , (5) 

in the limit that the final state pion is soft. 

The EM processes yield three resonant helicity amplitudes for the virtual photons, A^, 2 , 
Ay 2 and A\, 2 : two transverse and one longitudinal indicated by the appropriate super- 
script)]. The longitudinal amplitude is absent for real photons. The primary information 
one has regarding the vector helicity amplitudes has been obtained from EM processes 
(0) with real photons. Recent neutral pion photoproduction experiments using polarized 
photons at the Brookhaven LEGS facility |7j and Mainz || have determined the vector 
helicity amplitudes with better than 2% precision [O. The value of the E2/M1 ratio, 
extracted from the vector helicity amplitudes, is of particular interest from the stand- 
point of hadron structure theory, as it yields information on deviations from spherical 
symmetry, possibly arising from tensor quark-quark interactions. It is predicted to vary 
strongly with q 2 and reach unity as q 2 becomes large ||. At present, the E2/M1 ratio is 
poorly known beyond the photon point, with precision decreasing as q 2 increases. One 
expects electro-production and Compton scattering experiments at the Jefferson Lab to 
yield significant improvements in precision with which one knows the E2/M1 ratio for 
q 2 7^ as well as that of other vector current observables. Ultimately, the most serious 
obstacle to decreasing the uncertainty in the vector amplitudes may be the theoretical 
problem of separating background from resonance contributions 0. 



The subscript h indicates the absolute value of the helicity of the virtual vector boson-nucleon 
system along the q direction (i.e. the helicity of the produced A). 
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The weak NC and CC reactions are sensitive to the weak vector current analogues of 
the A h ' as well as to additional helicity amplitudes associated with the weak axial vector 
current. Existing data obtained from CC reactions (Q) provide a crude corroboration 
of the present knowledge of the vector form factors 0], but do not improve upon the 
precision obtained via the electromagnetic processes. The same CC reactions also yield 
information on the axial vector amplitudes and, in principle, provide a determination of 
the N A axial vector form factors. However, the data only afford a highly model- 
dependent determination of resonant axial form factor parameters, and the associated 



uncertainties are large [1C 



There is, to date, no direct experimental neutral current data for the process in Eq. (||). 
Nevertheless, the prospects for obtaining such data with parity-violating (PV) electron 
scattering with the GO detector at the Jefferson Lab appear to be promising fTT| , |T2|j . 
Indeed, a proposal by the GO collaboration to measure the PV N — > A transition has 
recently been approved fl^| . In this paper, we therefore focus on the NC process of Eq. (H), 



and illustrate how knowledge of the NC N — > A helicity amplitudes might complement 
existing information. In particular, we analyze the sensitivity of the PV asymmetry to 
various scenarios for extending the Standard Model and to the axial vector transition 
form factors of interest to hadron structure theory. To that end, we study the kinematic 
dependence of the figure of merit (FOM) for measuring the asymmetry and identify the 
optimal conditions for a probe of new physics or an extraction of the axial amplitudes. 
We also estimate the contribution from non-resonant background processes under these 
different conditions. Since one has no experimental means of separating resonant from 
non- resonant contributions with a single PV measurement, a theoretical subtraction of 
the latter is required in any determination of resonant amplitudes. Finally, as there exists 
no recent publication devoted to the NC N — > A transition beyond the early work of Refs. 
|T3| . [r4|j p| we provide a compendium of model predictions for the various transition form 
factors as well as a review of various kinematic properties and notational conventions. 
Our hope is to provide a resource for experimentalists studying the feasibility of a PV 
N — > A measurement. 

In order to guide the reader, we summarize the main conclusions of our study here: 

(i)A determination of the axial vector response at the 25-30% level appears 
feasible with realistic run times. Moreover, lack of knowledge of the non- 
resonant background contributions does not appear to introduce problematic 
theoretical uncertainties into the extraction of iV — > A axial vector amplitudes 
from the axial response. 



2 see also Section 4.7 of Ref. Q. 
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(ii) At leading order in electroweak couplings, the axial response is domi- 
nated by the ratio of axial vector and vector current form factors, C^jCX, ■ A 
25% determination of this ratio would signficantly improve upon information 
available from CC reactions, provide a new test of baryon structure theory, 
and shed new light on the experimental-theoretical discrepancies arising in the 
purely vector current sector. However, the extent to which higher-order elec- 
troweak corrections cloud the extraction of C^/C^ from the PV asymmetry 
remains unclear. 

(iii) As a probe of new electroweak physics, a measurement of the PV 
N — > A transition must achieve significantly better than one percent pre- 
cision in order to compete with other low-energy semi-leptonic measurements. 
At present, non-resonant background contributions are not sufficiently well- 
known to allow for a sub-one percent new physics search with this process. 

Our discussion of these points in the remainder of the paper is organized as follows. In 
Section II, we discuss some of the general features of the PV asymmetry and the way in 
which various types of physics enter. Section III gives a review of kinematic properties. In 
Section IV, we outline the formalism for analyzing the appropriate response functions and 
show how various pieces of the asymmetry depend on different aspects of these response 
functions. In Section V, we discuss the sensitivity of the asymmetry to different types of 
"new physics", and in Section VI we review the physics issues associated with the axial 
response. Section VII treats the theoretical uncertainties arising in the interpretation of 
the asymmetry, including those associated with backgrounds. In Section VIII, we discuss 
experimental considerations, including the FOM and prospective statistical uncertainty 
as a function of kinematics. Section IX summarizes our results. 



II. PV ASYMMETRY: GENERAL FEATURES 



The NC helicity amplitudes can be obtained from the parity-violating (PV) helicity- 
difference, or "left-right" , asymmetry for the scattering of longitudinally polarized elec- 
trons from a nucleon target [fL,|13,l4| : 



A 



-G, 



LR 



N+ - N- 



N + + A_ " y/2 4vra 



Af 1} + AJ 2 , + A£ 



(2) 



V (3) 



(6) 



where N + (AL) is the number of detected, scattered electrons for a beam of positive 
(negative) helicity electrons; q 2 is the square of the four-momentum transfer to the target; 
a and G M are, respectively, the electromagnetic fine structure constant and the Fermi 
constant measured in /x-decay. 
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The quantities Aj* (z = 1, . . . , 3) denote the three primary contributions to the asym- 
metry. Specifically, one has 

A(D=^y =1 , (7) 

which includes the entire resonant hadronic vector current contribution to the asymmetry. 
Here, g e A is the axial vector electron coupling to the Z° and £y =1 is the isovector hadron-Z 
vector current coupling [|,|15]. At tree level in the SM, these lepton and hadron couplings 



take on the values 1 and 2(1 — 2sin 2 9 W ), respectively. At leading order, this term contains 
no dependence on hadronic form factors, owing to a cancelation between terms in the 
helicity-dependent and helicity-independent cross sections. The quantity A^ contains 
residual contributions from non-resonant, hadronic vector current background transitions, 
not taken into account via A^. The third term, A^, involves the axial- vector iV — > A 
coupling: 

A( 3 ) « 9vfA =1 F(q 2 ,s) , (8) 

as well as hadronic axial vector background contributions. At tree level in the Standard 
Model, these couplings take on the values g v = — 1 + 4sin 2 6 W and £^ =1 = —2. The 
function F(q 2 , s) involves a ratio of PV and parity-conserving (PC) electroweak response 
functions (see Section IV). The variable s is the square of the total energy in the center 
of mass frame. In writing down the RHS of Eq. (||), we have ignored non- resonant axial 
vector contributions for simplicity. 

The physics of interest lies in A^ and A7 3 y The background term A7 2 \ introduces a 
theoretical uncertainty into the extraction of the other two terms from Am- A precise 
measurement of the first term, A^, would provide a window on physics beyond the SM. 
This term is, at tree level, independent of any hadronic matrix elements and involves only 
the product of NC electron and isovector NC quark couplings. The latter, £y =1 , has never 
been determined independently from the other hadronic vector neutral current couplings. 
In the discussion below, we consider the sensitivity of £y =1 to two types of new physics: 
"oblique corrections" , which involve corrections to the Z° and propagators from new 
heavy particles, and "direct" contributions, such as those from tree-level exchanges of 
additional neutral gauge bosons or leptoquarks, which manifest themselves as new four- 
fermion contact interactions. The Z°-pole observables are relatively insensitive to direct 
interactions, in contrast to the situation with low-energy observables like Alr(N — > A). 

As a benchmark, we consider the constraints on new physics which a one percent de- 
termination of £y =1 might yield and compare these prospective constraints with those 
obtainable from other low-energy NC observables. We also discuss the experimental con- 
ditions under which a one percent determination might be made, along with the theoretical 
uncertainties which may enter at that level. We find that a one percent knowledge of £y =1 
would provide constraints roughly comparable to those presently obtained from atomic 
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PV. A fairly demanding experimental setup, with 1000 hours of moderately high energy 
3 GeV) CEBAF0 beam running at forward angles might be able to achieve this level, 
if the non-resonant backgrounds can be understood at roughly ±25% levels or better, and 
the axial contributions can be understood at roughly ±30% levels or better. For more 
quantitative details, see section VII. 

The third term, A^, is interesting from the standpoint of hadron structure. To a good 
approximation, the function F(q 2 , s) contained in A^ is proportional to the ratio of two 
transition form factors: C^jC\ , where V (A) correspond to the hadronic vector (axial 
vector) current. This ratio is the off-diagonal analog of the Ga/Gv ratio extracted from 
neutron /3-decay. A measurement of A7 3 n could correspondingly provide an opportunity 
to test low-energy consequences of chiral symmetry, such as the off-diagonal Goldberger- 
Treiman relation and its (small) chiral corrections \TB\. 

A separate determination of is also of interest in light of experimental results 
for the vector current transition form factors from photoproduction of pions. In the latter 
case, for example, one finds a significant difference with quark model predictions [17] and 



lattice calculations [fig] . For the magnetic transition form factor, the disagreement is at 
the 30% level, while for the transition charge radius, the disagreement arises at the 20% 
level f|. A variety of scenarios have been proposed to account for this discrepancy, such 
as the role of the meson clouds around the quark core or a change of the value of the quark 
magneton A new determination of C§ could provide an additional test of lattice and 
quark model calculations and of the recipes proposed for correcting the vector form factor 
discrepancies. As we discuss below, a 30% determination of from a measurement of 
Alr{N — > A) appears to be within the realm of feasibility. 

Whether these benchmarks for £y =1 and C^jC\ can be realized depends, in part, on 
the degree to which theoretical uncertainties entering the interpretation of Am(N — > A) 
are sufficiently small. The most serious uncertainties appear in two guises: (i) background 
contributions, contained in A™, and (ii) hadronic contributions to electroweak radiative 
corrections, which enter both ATU and A^. A recent analysis of the background con- 



tributions was reported in Ref. |20[]. We recast that analysis into the formalism of the 



present study and extend the estimates of Ref. ]20] to cover the full range of Jefferson Lab 
kinematics. It appears that, under appropriate kinematic conditions, our estimate of this 
background contribution is sufficiently small - even given fairly large uncertainties in its 
absolute value - to allow a reasonable determination of C§ / C\ ratio from P V asymmetry 
measurements. Significant improvements in knowledge of A^ , however, would be needed 
to permit a one percent determination of £y =1 . 



3 The accelerator and three experimental halls at the Jefferson Lab are collectively titled the 
Continuous Electron Beam Accelerator Facility (CEBAF). 
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The situation regarding radiative correction uncertainties is less clear. Two classes of 
hadronic effects in these corrections require further study: two-boson exchange "dispersion 



corrections" [21| and corrections induced by PV quark-quark interactions in the hadronic 
vertex. The former enter the analysis of all three of the A7^ while the latter contribute to 
A7 3 \ only. We especially highlight the hadronic PV effects since, in the case of elastic PV 
electron scattering from the proton, they introduce considerable theoretical uncertainties 
into the axial vector part of the asymmetry . Although an estimate of these hadronic 
PV corrections goes beyond the scope of the present paper, we emphasize the importance 
of performing such an estimate when seeking to extract C§ jC\ from A^. 

III. KINEMATICS 

In this section, we review the basic kinematics of the process in Eq. (|3|) - depicted in 
Fig. 1 - which we rewrite as 

e~ (A;) + N (p) - e-'(k') + A (p A ) - e~' (k 1 ) + N' (p') + vr fa) , (9) 

omitting the superscripts. The kinematic variables have been explicitly indicated by the 
four-momenta of the particles in brackets. Expressing quantities in the laboratory frame, 

s = (k + p) 2 , q = p A -p = k-k', Pa=p' + Ptt, (10) 

where p = 0, and 

s = k 2 + 2k ■ p + p 2 = m 2 + 2Me + M 2 , (11) 

e being the incoming electron energy, m and M are the electron and nucleon masses. We 
assume the electrons are ultra-relativistic, and henceforth ignore m. In this case, one has 



M 2 



2M 

The outgoing electron lab energy e' is given by 



(12) 



e = e + M — yjMl + p 2 A = e + M- \J Ml + (k - k') 2 , (13) 

where 

(k-k') 2 = e 2 + e /2 -2 ee / cos^, (14) 

9 being the lab scattering angle. Solving for e' gives 

2Me + M 2 -Mj 
6 2M + 2e(l -cos0)' 1 ' 
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Writing the four-momentum transfer squared as Q 2 = — q 2 (a positive quantity in this 
process) , 

Q 2 = -q 2 = 2ee'(l-cosfl) = 4ee' sin 2 fl/2. (16) 



M 2 + (s - M 2 ) sin 2 0/2 
Since Q 2 > 0, we have lower bounds for s and e for the process of Eq 

s>M 2 A , 



M\-M 2 



On the other hand, from Eq. (|T7|), we can rewrite sin | as 



M 2 Q 2 
- M 2 ) (s - M\ - Q 2 ) 



Since < sin 2 0/2 < 1, Eq. ( p0[ ) leads to a bound for Q 2 for our reaction of interest 

Ql < (s-Af-)( S -Mi) 
s 

Other useful kinematics identities are summarized as follows: the energy available in 
the nucleon-gauge boson (7 or Z°) center of mass (CM) frame is W = -^/p^- (The above 
equations assumed a narrow A, henceforth we use W instead of Ma.) The energy of the 
gauge boson in the CM frame is 

The gauge boson three momentum is given by 



q - , 1, -(cm) 1 = £ !««<*) 1 = f> + (M + wrm< + (M-wy^ (23) 

and another useful identity is 

w + M .^ M + Po ,91±iM^l, (24) 

where Pq is the proton energy in the CM frame. 
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IV. N TO A RESPONSE FUNCTIONS 



To calculate the differential cross-section and PV asymmetry for the process 
N(e,e?)irN', we consider the exchange of one neutral gauge boson between the lepton 
and hadron vertices. The general expression for the differential cross-section can be writ- 
ten directly in terms of electroweak lepton and hadron response tensors. For details of 
the Lorentz structures of these tensors, we refer the reader to the older papers of Adler 
23fl and more recent discussions in e.g. Refs. and [2(J. Considering first the electro- 



magnetic terms only, and integrating over the outgoing hadronic momenta, the double 
differential cross-section can be written as p|j24 



d 2 



a 



dQde' 



a M W 



EM I 



(25) 



where u and \q\ are the energy and three- momentum transferred to the hadronic system 
in the laboratory frame, <jm is the Mott cross section or scattering from a point-like target 



a cos 9/2 
2e sin 2 0/2, 



and W EM is the EM transition response function 

W EM (\q\,u,9) = v L R L (\q\,u) + v T R T (\q\,uj) 



(26) 



(27) 



In Eq. (|27|) the two kinematic factors are 



Q 2 /W\ 



v T = l(Q 2 /\q\ 2 )+tan 2 9/2 



(28) 
(29) 



The longitudinal (L) and transverse (T) response functions are given, using the conven- 
tions of Zucker |25j by 



R L (\q\,u) 
R T (\q\,u) 



W 2 w- 



2\q\M 2 M 2 

' W 2 
2\q\M 2 



W(2J + 1) 

) Jn 

j^(2J+l)(|T£ 



T, 



c 



+ 



'J 1 Jtv 

1 3/2 



(30) 
(31) 



where J(ir) indicates the spin (parity) channel for the rrN system, Tq is a Coulomb 
amplitude (corresponding to helicity h = 1/2), and the T^, h = 1/2,3/2 are transverse 
helicity amplitudes. 

The PV asymmetry involves a ratio of two response functions: 
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A ^ N - A > - < 32 > 

where W PV is a PV response function arising from the interference between the EM and 
PV NC amplitudes. Its structure is similar to that of W EM : 

where the response functions R^ v are the EM-NC interference analogues of the EM 
response functions and where the third term arises from an interference between the EM 



vector current and weak neutral axial vector current pq,[15| . The corresponding kinematic 
coefficient is 



v T , = tan 6/2 ^Q 2 /\q \ 2 + tan 2 6/2 (34) 
and the interference response functions are 



1 / W 2 W 2 \ 

R L av(WM = ~ - 2 9\ (^M^M^JE ( 2J + !) R- e TqTq** (35a) 



R T AV (\qM = -\g\ {^f)j E (2J + 1) Re {f(j 2 T^ * + f 3 %T 3 % *) (35b) 
Rva(WM = -9v (aj^a) E (2J + 1) ^ {u(j 2 T^ * - *) (35c) 
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where the multipoles T (If) now involve projections of the neutral vector (axial vector) 
current [p5fl . The subscripts (VA) indicate that the corresponding PV NC amplitude 
arises from an axial vector (vector) coupling of the Z° to the electron and a vector (axial 
vector) coupling at the hadronic vertex. 

The physics of the asymmetry is governed by the "hadronic ratio" W PV /W EM appear- 
ing in Eq. fl3~2"|). The vector NC multipoles arising in the numerator of this ratio can be 
related in a straightforward manner to those involving the isovector (T = 1) and isoscalar 
(T = 0) components of the EM current. The axial vector multipoles can decomposed into 
their SU(3) components. To that end, we follow the notation of Refs. flli|15f and write 



jem = jem ( T = 1) + J» M (T = 0) (36a) 



J™ = ?v =1 J° M (T = 1) + y/3&*j;"{T = 0) + #V« (36b) 

J^ C = 4 3) + £ =0 4 8) + £i 0) 4 s) ( 36c ) 

Here, the are electroweak hadronic couplings, Affl are components of the octet of 
axial vector currents, and Vff^ (Ay) is the vector (axial vector) current associated with 
strange quarks only. In arriving at the foregoing expressions, we have omitted the o, fe- 



ll 



and t-quark contributions. At tree level in the Standard Model, the electroweak couplings 
are given by 



f£ =1 = 2(1 -2 sin 2 M (37) 
V3& =0 = -4 sin 2 6 W 
# = -1 

fr 1 = -2 
vse A = o = o 
$ = i 

It is useful to exploit Eqs. ( |36a| , |36b|) and relate the NC vector multipoles to the corre- 
sponding EM multipoles. To that end, we decompose the various amplitudes into their 
isospin components. In the EM case, the p — *> Nix amplitudes are as follows, where we 
have suppressed all indices referring to spin, parity, and Lorentz structure for simplicity, 
retaining only the isospin structure: JI| pi[ , p7[ : 



T n7r+ = 7^(mr+) = -V2T IS + T T=1 ' 2 + -L T T = 3 / 2 , (38) 

v2 

7> ee Tfrfrr ) = T IS - J-T T=1 / 2 + T T = 3 / 2 , 

V2 

The amplitude T IS is isoscalar, while X T=1 / 2 anc i yr=3/2 are ij near iy independent isovec- 
tor amplitudes going to isospin 1/2 and 3/2 respectively. For pure A production, of 
course, T IS = y T=1 / 2 = o. We can similarly decompose the weak vector or axial vector 
amplitudes. The vector NC amplitudes are then straightforwardly related to the EM and 
strange quark amplitudes using Eqs. ( |36a| , |36b| ): 

f IS = y/3^ = °T IS + ^T^, (39) 

jjT=1/2 (3/2) _ £T=lj>T=l/2 (3/2) 

where T^"' is an amplitude from the strange-quark vector current. 

Using these relations, we examine the weak vector and electromagnetic interference 
terms which generate W . 

( f * T Lo + { f * r L + = $ =1 (l^l 2 + l T ^| 2 ) (4°) 



This expression is derived using Eqs. ( |3"8"D and (|313|), adding and subtracting ^y =l T IS to 
the isovector terms in order to pull out the overall isovector factor of £y =1 in the first 
term. The first term is then exactly proportional to the unpolarized EM cross section. 
The second term gives corrections arising entirely from non-resonant backgrounds, as the 
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quantity T pn o — \^2T n7T + contains no T = 3/2 component. We find these corrections to be 
small in the region of the A resonance. Using Eq. (0), we can rewrite the asymmetry for 
inclusive pion production from the proton target as given in Eq. (|6|). The origin of the 
various terms A^ is now transparent. The first term, A£n arises from the part of the EM- 
NC interference which is proportional to the total EM response (the first term on the RHS 
of Eq. (fiO|) above). Indeed, the EM response is proportional to |T p7r o| 2 + |T n7r +| 2 , summed 
over the appropriate spins and parities. The corresponding hadronic matrix elements thus 
cancel out entirely from this part of the asymmetry, leaving only the dependence on £y =1 , 
as indicated in Eq. (17]). 

The contribution A^ arises from those non-resonant vector current background am- 
plitudes which do not cancel from the hadronic ratio. Neglecting contributions from T < - s - ) ,0 
one has 



W EM A n 



(2) 



vl 



W 2 



V ) 



W 2 



' J-JT 



' M 2 



Tq S * (3T^ 5 - (3/V2)T ( 



T=l/2 
C 



+v T \Tlf* (3T// 2 - (3/V2)T?= 1/2 



1/2 



+T// 2 * (31$ - (3/V2)T 3/2 



T=l/2 



(41) 



where we have continued to suppress the spin-parity indices and where the linear com- 
bination of electroweak couplings V3£,y =0 — £y =1 is just twice the Z°-neutron coupling 
which takes on the value —1 at tree levelQ. In general one must investigate the corrections 
introduced by these terms. We postpone a detailed discussion of their importance to 
Section VII. 

Finally, the axial vector hadronic NC contributes via A^: 



W 



EM A ?r 



k (3) 



•2g 



w 2 



v 



2M 2 \q\ 



X; Re (2J + l)v T ,{(U l/2 T* /2 - U 3/2 T, 



(42) 



+ (Ui /2 Ty 2 - u 3/2 T.; /2 ) n ^ 



4 Although we expect these contributions to be small, estimates of their prospective magnitude 
remain to be computed. Lack of knowledge in the strange quark contributions constitutes one 
source of theoretical uncertainty in the backgrounds. 

5 An equivalent expression, written in terms of transverse electric and magnetic (and longitu- 
dinal) multipoles, rather than helicity multipoles, can be found in section 4.7 of ref. JlJ. 
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The isospin structure of the axial- vector term A^ is not explicitly decomposed in Eq. (f42|) , 
as there is no EM analog from which to extract information. 

It is worth noting that the value of g v = (— 1 + 4 sin 2 6 w ^j « —0.1 suppresses the 
contribution from A^ relative to that from Am 2 \ , for which the product of leptonic 
and hadronic NC couplings is of order unity. Thus, a measurement of the axial vector 
term is intrinsically rather difficult. Moreover, in contrast to the situation with elastic 
PV electron scattering, the hadronic axial vector contribution to Alr(N — > A) does not 
vanish at forward angles. It is straightforward to show, using the relations of Section II, 
that for 9 — > and Q 2 — > one has vl/vt — > 0, but 



Vt 



r > 2 



e 2 + e 



/ 2 



(43) 



In the limit of large incoming energy, however, the ratio vt'/vt vanishes like 1/e, and 
the axial contribution to the asymmetry, A^ becomes insignificant compared to A^, 
which stays fixed. For purposes of determining A^, then, going to forward angles and 
higher energies allows one to minimize the impact of uncertainties associated with the 
axial response. 

^From the standpoint of hadron structure studies, the axial contribution A^ is of 
particular interest. It is useful to express this quantity in terms of the Adler form factors 



< A (p f ) V* N(p)>= tN U u (p') x 



'M A + M 



i/A 



M 



M 2 ° 4 



PI nV i nV 



•^r) + Pu (p+p') 



cj + cf 

2M 2 



PuQx 



C\ - C% 
2M 2 



7sw(p), (44) 



<A(p') A\ N{p) >=iN U 1/ {p')x 
5u\ 



M 



M 2 



a 



Ci 



Cf + 2Cf 



+WXa^ +PAP + P') x ^- 2 - Puqx . 2 } f2 



u(p) 



(45) 



where the baryon spinors are defined in the usual way. Connecting to the amplitudes of 
Eqs. (|30| - |35cj) , considering only the resonant J=3/2, parity + terms in the vicinity of the 
A(1232), 



rpJ^=Z/2+, T=3/2 
J 3/2 



f{W)N RS q* 



/ W + M - 

v W 



) 3 + m 2 y 4 + b ) + m 2 1 



Q 2 



(46) 
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rpJ^=3/2+, T=3/2 
J l/2 



M 



(47) 



T J*=3/2+, T=3/2 
; 3/2 



U:j- 0/ ^' * = f (W) N RS (Pq + M) 



W — M 

M 



" 3 I? 5 " 4 + 5 



(46 



TJ J 7 ,=3/2+, T=3/2 
U l/2 



-f{W)N RS (P + M) 



y-p + M\ A A A 



M 



(49) 



following the notations of Zucker [p5 |, and Schreiner and von Hippel [28]. The function 
/(W) is a Breit-Wigner line shape, whose square is normalized to unit area in the narrow 



width limit [28], and the normalization factor Nrs is 



N RS = ~i\ 



AW(P + M) 



(50) 



In order to highlight the physics governing the behavior of A^, it is useful to derive 
an approximate expression for the function F(q 2 ,s). To that end, we first drop the 
background contributions to A/L and assume that the vector current component of the 
N — > A transition is dominated by the magnetic dipole amplitude. Under the latter 
assumption, one has |29 



M 



(51) 



Omitting all kinematical factors common to the numerator and the denominator in the 
asymmetry equation ( |3*2"D we can rewrite the 



J n =3/2+, T=3/2 



as 



rpJ^=3/2+, T=3/2 * 
J 3/2 ~9 



W + M v MWq° 



qV 

M W M 2 3 



,W + M-q°_ cV 



M 



3 i 



(52) 



rpJ^=3/2+, T=3/2 
1 l/2 



q 



P + M-q° v MWq° n y 



M 



W M 2 



-1 ,Po + M 



v/3 



Q 



M 



C 



3 ' 



(53) 



with W = Ma at the peak of the A (1232), resulting in a total cross section proportional 
to 



J^=3/2+, T=3/2 
/2 



+ 



T, 



J^=3/2+, T=3/2 



3/2 



£ (Ctf [f (Po + + + M - 5 f ] = gi^^Cr. (54) 
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Considering now the axial component of W PV , we note that C% vanishes in the SU(6) 
limit and that it takes on small values in nearly all model calculations (see Table I). 
Setting C 3 A = in the U^ =3/2+ ' T=3/2 yields 

f T J n =3/2+, T=3/2rpJn=3/2+, T=3/2 r ~rJ x =3/2+, T=3/2rp J w =3/2+, T=3/2 
Uy 2 l 1 i2 Un/r, ±o 



'3/2 



"3/2 



CI 



'Wq L 




(W + M- q°) 
M 



(55) 



Taking the ratio of Eqs. ( |55| ) to (p3) and including the appropriate kinematic factors gives 
for the axial contribution to the asymmetry 



A 71 " 
A (3) 



CY 



l 



Wq 



M 2 



V. 



(56) 



where V is the kinematic function 



v T > W 

V = — — rzrr 
v T \q\ 



(57) 



Using the kinematics relations from section II, this simplifies to the expression of Ref. fl3| 



A (3) 



e C T- 



c 3 



1 + 



Ml - Q 2 - M 2 C{ 



2M 2 



v(q 2 



(5f 



where for completeness we express V in terms of the variables Q 2 and s defined in section 
II: 



V(Q\s 



MM A ((s - M 2 ) + {s- Ml) - Q 2 



\ (Q 2 + (M A + Mf) (Q 2 + (M A - M) 2 ) + (s - M 2 ) (s - M 2 A ) - Q 2 s ' 



(59) 



An approximate expression for the function F(q 2 , s) appearing in Eq. (H) can now be 
read off from Eqs. (|55D and One does not have to make the assumptions leading 



to Eq. ([51]) (nor that C% = 0), but doing so makes the physics content of A 7 ^ more 
transparent. In the context of specific models that violate Eq. (|5lD , we do compute the 
fully corrected asymmetry, including all of the vector and axial vector form factors and 
using model predictions for their values. In these instances, however, we find that the 
form factors neglected in arriving at Eq. ([58]) give numerically minor contributions. 

The primary feature illustrated by Eqs. (|58| ) and ( |59"P is the proportionality between 
ATgx and the ratio C^/C^ , up to a correction involving C^/C^. At the kinematics most 



favorable to a determination of the axial term, A 7 ^ is roughly an order of magnitude less 
sensitive to C^/C^ than to C§ jC\ ■ The sensitivities become comparable for Q 2 > 2M 2 
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- a regime in which a realistic experiment could not afford a measurement of with 
better than 100% uncertainty. Thus, the realistically most precise determination of A^ 
essentially would provide a direct value for C§ jC\ with little contamination from other 
form factors^. 



V. NEW ELECTROWEAK PHYSICS 

It has long been realized that low-energy PV electron scattering from nuclei is a po- 



tentially useful means for testing the Standard Model |^J31|]. From this standpoint, PV 
electron scattering offers two advantages: (i) by choosing a suitable target and/or hadronic 
transition, one may use the associated spin- and isospin-dependence to select on certain 
pieces of Standard Model physics or possible extensions of the Standard Model, and (ii) 
the PV asymmetry often contains a term which is nominally independent of hadron and 
nuclear structure yet which carries information on the underlying electron-quark elec- 
troweak interaction. Both features are illustrated by Alr(N — > A). Since the N — > A 
transition is pure isovector, the isoscalar components of the weak NC and EM currents 
do not contribute to the transition amplitudes. Consequently, the vector part of the tran- 
sition NC is proportional to the EM current, with the constant of proportionality being 
£y =1 . The corresponding NC and EM transition matrix elements are identical apart from 
£y =1 . In the asymmetry, which contains the ratio of these matrix elements, the matrix 
elements cancel with only £^ =1 remaining. The nominal absence of any hadron structure 
in A^ reflects this cancelation. As noted in the previous section, part of the background 
contributions are cancelled as well. No such cancelation occurs for the axial vector part of 
the NC amplitude, which contributes to A^. Similarly, the cancelation is not complete 
for the NC background contributions which contain isoscalar components. The existence 
of the latter is reflected in the term A^ . To the extent that one can separate A^ from 
Aj 2 3 ) , one has an electroweak observable which is free from hadron structure uncertainties 
to leading order in electroweak couplings. 

The relevance of a £y- =1 determination must be evaluated in light of the information 
obtained from other NC observables. The high precision attained for the Z°-pole observ- 
ables (see, e.g. Ref. 0) lead to stringent constraints on the SM and various possible 
extensions. Low-energy NC observables are useful insofar as they yield information com- 
plementary to these high-energy constraints. In what follows, we discuss two types of SM 
extensions which might generate measurable corrections to low-energy NC observables: 
"oblique" corrections, which arise from modifications to the SM gauge boson propagators, 
and "direct" corrections, which involve the tree-level exchange of new, heavy particles. 



Important corrections could arise from parity-violation in the hadronic states, however. 



17 



At present, the most significant low-energy constraints on these scenarios are obtained 
from atomic PV experiments p^p7| . The prospects for improved precision in atomic P V 
are bright, and one expects the corresponding constraints to be tightened. We evaluate 
the possible usefulness of a £y =1 determination with this expectation in mind and make 
a comparison with other prospective PV electron scattering measurements. To that end, 
we write the isovector vector coupling in the following form p|,p!5|: 



^ = =2(l-2sin 2 M[i + #y ] , (60) 

where the quantity Ry =1 involves various corrections to the tree level value of the elec- 
troweak couplings noted in the previous section. Specifically, one has 

R? =1 = RT =1 (SM) + i^ =1 (new) + i^ =1 (had) , (61) 

where Ry =l (SM) contains corrections from higher-order electroweak processes in the SM, 
Ry =1 (new) involves prospective corrections arising from physics beyond the SM, and 
Ry =1 (had) are corrections involving hadronic effects not cancelled out in the ratio of NC 



and EM amplitudes. The SM corrections are calculable p4pq , j39| , and we do not consider 
them further. The residual hadronic effects are discussed in section VII. Here, we focus 
on the new physics corrections as they arise from different scenarios. 

Oblique corrections. New heavy physics which contributes to NC observables only 
through modifications of the Z° and propagators comes under the rubric of oblique 
corrections [fi"0| -42l. Such corrections are conveniently parameterized by two parameters, 



S and T, which are defined in terms of the massive vector boson propagator functions: 

C(o) ng| w (o) 



Ml M\ 



aT (62a) 



ni|w ( Mi)-ni| w (o) 



Mf 4 sin 2 6 W (1 -4 sin 2 6 W ) S ' (62b) 



where we follow Ref. ||T[] and employ the MS definitions of the oblique parameters. Phys- 
ically, a non-zero value of T would reflect the presence of weak isospin violating effects, 
such as the existence of an extra non-degenerate heavy fermion doublet, which change the 
relative normalization of the CC and NC amplitudes. The quantity S parameterizes the 
change in the effective sin 2 8\y arising from weak isospin conserving heavy physics effects. 

Various electroweak observables are sensitive to different linear combinations of S and 
T. The weak charge measured in atomic PV, Qwi turns out to be primarily sensitive to 
S. A similar statement applies to the isoscalar coupling £y =0 , which could be measured 
with elastic PV electron scattering from a (J 77 ,T) = (0 + ,0) nucleus. Other observables 
are relatively more sensitive to T. In the case of £y =1 , one finds jlj^lj 

^ =1 (new) w -0.0145 + 0.017T (63) 
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By combining constraints from several electroweak observables, one obtains global con- 
straints on S and T. Such a global analysis was reported in Ref . |4v| , yielding the central 
values S = —0.122 and T = —0.019 with a range on S of —0.5 — > 0.3 at the 90% confidence 
level. This analysis has recently been up-dated, yielding S = —0.2 ±0.5 at 90% confidence 



44| . The new fit includes the recent results obtained by the Boulder group for cesium 
atomic PV, which are consistent with S = —1.3 ±1.1. While the uncertainty in the atomic 
PV constraints is large, the central atomic value is sufficiently large in magnitude to have 
a noticeable impact on the global analysis. Omitting the present atomic PV constraints 
increases the central value of S by about 50%, without appreciably changing the orienta- 
tion of the elliptical 68% and 90% contours in the (S, T) plane. If future measurements 
were to yield the same values for Qw as previously, but with a factor of three reduction 
in the combined experimental and atomic theory errors, (corresponding to a 0.4% error 
in the cesium weak charge), the central value for S would change to S ~ —0.66. A one 
percent determination of £y =0 with PV electron scattering would have a similar impact 
on the central value of S as do the present cesium atomic PV constraints. 

Against this background, how would PV excitation of the A compare? We find that a 
one percent determination of £y =1 would have a negligible impact on the global analysis. 
As it turns out, the semi-major axis of the global contour plots is nearly parallel to the 
line — 0.014S 1 + 0.017T = const. A one-percent uncertainty for £y =1 generates a band of 
constraints in the (S, T) plane which is parallel to this line and broad enough to contain 
the present 68% CL. ellipse. Thus, unless a determination of £y =1 is performed with 
a precision much better than one percent, or a central value for £^ =1 is obtained which 
differs considerably from the Standard Model value, such a determination will have little 
impact on the global analysis of the oblique parameters. This situation contrasts with 
that of atomic PV and PV electron scattering from a (0 + , 0) target. The dependence of 
these observables on S and T is quite distinct from the region allowed by a global analysis. 
Hence, a one percent measurement of either quantity can significantly affect the central 
value of S in such a global analysis. 

Direct corrections. Extensions of the SM which contain new four-fermion interac- 
tions arising, for example, from the tree-level exchange of additional heavy particles come 
under the heading of direct corrections. For the semi-leptonic processes of interest here, 
the effective four-fermion interaction may be written as 



-new 



Ann 



2 



■ea^i Qjl^Qj , (64) 



where e and q denote electron and quark spinors, respectively, where the corresponding 
chiralities are denoted by the subscripts i and j, where A is a mass scale associated with 
the new interaction and k is a coupling strength. Generically, the interaction in Eq. 
induces a contribution to the correction R v as 
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^(direct) = . (65) 



If Ry is determined with one percent precision, the corresponding limit on the mass scale 



is A > 10k TeV. In scenarios where the interaction (64) is generated by strong interactions, 
k 2 ~ 1 and mass scales in the 10 TeV range are probed. If new weak interactions are 
responsible for the direct correction, then k 2 ~ a and one is sensitive to masses at the 
one TeV scale. Specific values for limits on A depend on the details of the SM extension. 

In what follows, we analyze the prospective Alr(N — > A) constraints on three repre- 
sentative types of direct interactions which have taken on renewed interest recently in the 
literature: those arising from extended gauge groups and the associated additional neutral 
gauge bosons (k 2 ~ a); those generated by leptoquarks (k 2 ~ a); and those arising from 
the assumption of fermion compositeness (k 2 ~ 1). 

Additional Z-bosons. The existence of a second, massive neutral gauge boson Z' 
which does not mix with the SM Z° would not be seen by the Z°-pole observables. 
Indeed, the best lower bounds on the mass of such a Z' are presently obtained from the 
CDF collaboration. Depending on the way the Z' couples to matter, these bounds are 
on the order of Mz* > 500 — 600 GeV |[45|| . Various scenarios have been proposed for 
the existence of a "low-energy" Z' and its couplings to matter. A useful study of these 
scenarios is Ref. [3H], which analyzed the way in which a Z' might arise through the 



spontaneous breaking of Fjq gauge group symmetry associated with heterotic strings. The 
various symmetry breaking scenarios can be parameterized by writing the Z' as 

Z' = cos (fiZ^p + sin0Z x . (66) 

Here, the Z^ is a neutral boson which couples with the same strength to quarks and 
anti-quarks. By C-invariance, therefore, its only hadronic couplings are axial vector in 
character. The Z x , on the other hand, has both vector and axial vector current hadronic 
couplings. Various scenarios for the gauge symmetry breaking correspond to different 
choices for the mixing angle 0. The impact of the Z' on Ry =l (new) will be non-zero only 
if 7^ 0, since a vanishing mixing angle corresponds to a pure which induces no PV 
interactions. Specifically, one has 



i^-^new) 



2^ vl5 , . 
sin <±> cos (b sin . 



A , (67) 



where 



C 1 

with being the SM muon decay Fermi constant, p being the conventional p-parameter, 
and 
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G' g' 2 

— = JL l2 (69) 



y/2 8M 



z> 



being the Fermi constant associated with the additional neutral vector boson and its gauge 
coupling g' . Note that a determination of £y =1 does not constrain the Z' mass alone but 
rather the mass-to-coupling ratio. Typically, one has g' < g/y/2, where g is the SM 
SU(2)i gauge coupling Assuming g' has its maximum value and that (f> = tc/2 (Z' 



is a pure Z x ), a one percent uncertainty in £y =1 would constrain Mz> to be greater than 
about 500 GeV. While this lower bound is comparable to the present CDF direct search 
bound [fE|], it is somewhat weaker than the current bounds of Mz> > 700 GeV obtained 
from cesium atomic PV results |3"7fl. By way of comparison, we note that a one percent 



determination of £y =0 with a PV electron scattering experiment from a (J 71 , T) = (0 + , 0) 
nucleus would impose a bound of 900 GeV. To be competitive, a measurement of £y =1 
would have to be performed at roughly the 0.3% level. 

Leptoquarks. Scalar and vector particles which may couple to lepton-quark pairs have 
taken on added interest recently in light of the anomalous high-Q 2 events reported by 
the HI [48] and ZEUS |49j collaborations at HERA. The presence of excess events could 



be generated by leptoquarks having masses on the order of 200 GeV IpTfl . Based on the 
general considerations given above, low-energy PV measurements would also be sensitive 
to leptoquarks in this mass range. As an illustrative example, we consider a simple 
E6 theory containing a single generation of scalar leptoquarks |47| , which leads to the 
following effective electron-quark interaction: 

£ leptoquark = ^gMg ~ ^ 75e U ^ U ' (70) 

where Ms is the scalar leptoquark mass, k,r (k,l) are the coupling strengths for interactions 
between right- (left-) handed fermions, and where we have omitted scalar-pseudoscalar 
and tensor-pseudotensor interactions for simplicity. A determination of Ry =1 at the one 
percent level would yield the limit 



M s > 600 Vl«H-«il GeV • ( 71 ) 

The corresponding limits from cesium atomic PV or a measurement of Alr(0 + ,0) or 
Alr^H) would be about one and a half times more stringent. Of course, some fine-tuning 
of the coupling strengths would be required to obtain \k 2 r — k 2 l \ significantly different from 
zero, implying mass limits on the order of several hundred GeV. On the other hand, a 
combination of constraints obtained from low-energy PV, HERA, and the Tevatron could 
provide joint limits on the couplings and masses. 

Composite fermions. In a world where leptons and quarks are composite systems 
of smaller constituents, the exchange of these constituents could yield new low-energy 
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interactions [51]. Present constraints suggest that the range of the corresponding exchange 
forces is very short - on the order of 0.01 times the Compton wavelength of the Z°. At 
energies below the weak scale, these forces are manifest as new contact interactions. 



Following the notation of Ref. [52[], we write 



^composite a 2 3 e i^ e iQj^Qj > (72) 

where % and j are chirality indices as before, T denotes a generic Dirac matrix, Ay is a 
momentum scale associated with the exchange, the coupling strengths «f- are taken to be 
unity, and rjfj = ±1 is a phase factor which is not determined a priori. For purposes of 
illustration, we take r = 7^, set all of the Ay equal to a common value A and define 

h q = V q m. + V q aR-V 9 LR-vlL ■ (73) 
The interaction of Eq. (|72|) then induces the correction 

Rl =l (composite) = -^-^ - (74a) 

G^A 

^ =0 (composite) = [h v + h d ] (74b) 



A one percent extraction of Ry =l would place a lower bound of about ten TeV on A, 
assuming no conspiracy among the phases leading to a cancelation between h u and h d . 
A similarly precise determination of Ry =0 would yield a lower bound roughly 1.7 times 
greater. The sensitivity of the weak charge measured in cesium atomic PV is similar to 
that of Ry =0 , and the recent results therefore yield a bound of roughly 23 TeV (assuming 
h u = h d = 1 = 1). Although a one percent measurement of ^^^(A^ — > A) would probe 
lower compositeness mass scales than does atomic PV, it could nevertheless be used 
to disentangle the flavor content of compositeness, since h u and h d enter with different 
relative signs in the two observables. 

While the three foregoing examples do not exhaust the scenarios for extending the 
Standard Model, they do help determine the level of precision needed to make PV electro- 
excitation of the A an interesting probe of new physics. It appears that, for most new 
physics scenarios, one would need to measure ^^(Af — > A) to significantly better than one 
percent accuracy in order for it to compete with atomic PV experiments or a prospective 
one percent measurement of Alr(0 + , 0). 
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VI. HADRON STRUCTURE ISSUES 



A variety of studies have been undertaken recently with the goal of elucidating the 
strong interaction dynamics which govern the N — > A transition. From the standpoint of 



a first principles, QCD approach, the authors of Ref. |lj| have succeeded in computing the 
N —>■ A vector transition amplitudes on the lattice. The prediction for the magnetic Ml 
transition amplitude differs by about 30% from the value inferred from the data. The E2 
amplitude is as yet too noisy to be of value as a point of comparison. A complementary 
approach is to employ a model or effective theory which incorporates some of the general 
features of QCD. In most QCD-inspired models of hadron structure, the nucleon and A are 
closely related, and the N — > A transition properties are as fundamental and calculable 
as static properties of the N and A themselves. Such properties include the magnetic 
moment, weak transition strengths, strong meson-baryon couplings, and consequences of 
chiral symmetry such as the diagonal and off-diagonal (N — > A) Goldberger-Treiman 
relation. As a specific example, one may consider quark models based on SU(6), in 
which the N and A share a 56-dimensional representation. A recent examination of the 
above-mentioned quantities [1TB] in the constituent quark model finds vector transition 



form factors are underestimated by ~ 30% based on A photoproduction data. The Ml 
prediction is consistent with the value obtained from the lattice. In this same model, 
the dominant axial transition form factors are more than 35% below the central value of 
experimental extractions [10]. Given the large experimental uncertainty in the neutrino 
data analysis, however, this is not yet a significant discrepancy^ 

It is clearly of interest to understand the reasons for this SU(6) violation [fT9|JT~6[1 . One 



approach which may offer insight is chiral perturbation theory (CHPT) [p4}| . The quark 
model results for the transition factors are roughly consistent with the leading-order pre- 
dictions of CHPT, computed in the guise of PCAC |23 |. Higher order meson loop correc- 



tions, however, do not obey the SU(6) symmetries of the underlying quark model. These 
corrections - computable using CHPT - may resolve the discrepancies between the SU(6) 
predictions and the data. CHPT has been used to examine threshold weak pion produc- 
tion pS] , but this process lies well below the dominant A(1232) resonance. CHPT has 
also been applied to EM properties in the A region. Following the method of Butler et 
al., Napsuciale and Lucio have computed various decuplet-octet electromagnetic decays 
in the framework of heavy-baryon CHPT |5B| at one-loop order. It should be possible in 



the future to extend this procedure to the axial vector transition form factors, at least in 
the Delta region. 



7 Other model calculations have also been reported. The Skyrmion approach ^3|, for example, 
gives a much larger E2/M1 ratio than in the other models. 
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An experimental extraction of the off-diagonal axial vector amplitude could provide 
useful new information against which to test some of the hadron structure approaches 
mentioned above. To analyze this prospect, we consider the sensitivity of to vari- 
ous model predictions and their Q 2 -dependence. In doing so, it is necessary to adopt a 
convention for the latter. We follow Adler 



and take 



cr{Q 2 ) =cr(o)GUQ 2 ) 

cf(Q 2 ) =cf(o)GUQ 2 )Z A (Q 2 

where the G^j A are dipole form factors 



G 



V,A 
D 



;i + q 2 /mI a ) 



(75a) 
(75b) 

(76) 



and the £ A allow for an additional Q 2 -dependence. We emphasize that the forms given in 
Eq. ( [75 a| ) are a convenient parameterization for the Q 2 -dependence and are not based on 
any fundamental arguments. The model of Ref. |23j takes 



(77) 



where the values of the parameters a and b are predicted by the model. A fit to CC 
data [llj - assuming all the parameter values from Ref. |2c| except for the dipole mass 
parameters - yields Ma = 1.28 ±0.1 GeVQ. Under the assumption that nucleon elastic 
and transition form factors follow the same dipole behavior, one obtains from elastic and 
inelastic electroweak data [[57]] M A = 1.03 ± 0.04 GeV and My « 0.84 GeV. It is worth 
noting that as far as the CC iV — > A data are concerned, only the Q 2 dependence of the 
data is fit, not the absolute value of the cross section. The fit is consistent with the model 
of Ref. [23], within error bars. The dominant piece of the cross section comes from the 
vector form factors. Perhaps for this reason, the remaining (nine) axial parameters have 
not been directly extracted by the experiment, nor have correlated uncertainties between 
vector and axial vector pieces been considered. 

As far as the PV asymmetry is concerned, only six of the eight Adler form factors 
must be considered. CVC eliminates one of the vector form factors (Cq = 0). The three 
remaining NC vector current form factors are related to the EM form factors by virtue of 
Eqs. (|36a|j36bl) . The induced pseudoscalar form factor C§ effectively does not contribute 
due to conservation of the lepton current. Although the term A^ of interest here is 
dominated by C A /C V , we include the full form-factor dependence in our numerical study 
of this term. In Table | we compile a list of model predictions for the values of the form 



Background contributions are neglected in this analysis. 
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factors at the photon point. The Q 2 - dependence for these predictions do not necessarily 
follow the same explicit parameterization as given in Eqs. (|75aj|75b|) . For some cases where 
the dependence is quite different (e.g. Ref. [[HJ), we have simply fit the numerical model 
predictions at moderately low Q 2 to yield effective Adler parameters. 

Figures 2 and 3 illustrate both the model- and kinematic-dependence of A7U. For 
these purposes, we have omitted the background contribution. In Fig. 2 we show the Q 2 - 
dependence of the axial term for a variety of incident electron energies. We have included 
those models listed in Table I with complete sets of entries, and made a rough estimate of 
the theorical error by calculating the standard deviation of the results. In general we find 
that the angular dependence of A7 3 n is rather gentle. This feature is also illustrated in 
Fig. 3, where we plot the axial term as a function of incident energy and scattering angle. 
As expected on general grounds (see Section III), the axial contribution falls rapidly with 
energy; it remains reasonably constant as a function of angle (or Q 2 ) for a given energy. 
The kinematics most favorable to a determination of the axial term is moderate energy, 
1 GeV < e < 2 GeV, to keep the axial contribution A^ high, and moderate Q 2 to keep 
the figure of merit high without introducing a significant contribution from A^. 

We also find that, at these typical kinematics for finding A^, the model spread for 
the axial contribution is on the order of 10-25%. This spread is commensurate with, or 
somewhat below, the precision with which we anticipate one might realistically expect to 
determine the axial term. Consequently, a measurement of Alr(N — > A) will only be 
marginally useful as a discriminator among models. On the other hand, it would afford a 
determination of C^/C^ at the level of the experimental-theoretical discrepancies arising 
in the vector current sector. 



VII. THEORETICAL UNCERTAINTIES 

In order to perform a sufficiently precise determination of the isovector weak charge, 
£^ =1 , or of the axial response contained in A^, one must be confident that the theoretical 
uncertainties which enter the PV asymmetry are adequately understood. Two types 
of uncertainties are of particular concern: (a) those associated with the non-resonant 
background contributions of A^ and (b) those entering electroweak radiative corrections. 

A. Background uncertainties 

Several theoretical studies of the background contributions to the asymmetry have been 
reported in the literature p0| , p^ , |58| . Some of these analyses are very similar in spirit to 
those for pion photo and electroproduction [01. The general structure of the background 



contribution at the pion production threshold is determined by chiral symmetry |55J5 



The asymmetry for PV electron scattering from a proton target to produce either a tc 



o 
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or 7r + was examined in Ref. [24j|, where a component of the background arising from an 



interference involving isovector vector current amplitudes was written as 

A^ 2) (isovector) = ~ ~ ' ^ '- . (78) 

Here, cr„ iP are the total inelastic electromagnetic cross sections on neutrons (protons), in- 
tegrated over the same kinematic range as the asymmetry experiment in question. There 
remains an additional, undetermined isoscalar piece, arising purely from the T IS am- 
plitudes. In general, this isoscalar term need not be any smaller than the contribution 
given in Eq. (|7|). Using photoproduction data, (isovector) is estimated to be 0.05 
at the photon point, with an uncertainty comparable to this number itself. In order to 
apply this model-independent approach to obtain the entire background contribution at 
non-zero q 2 , a complete isospin decomposition of pion production data throughout the 
resonance region would be required. The electromagnetic |T /5 | 2 terms in Eq. fl4T|) which 
have been excluded by the particular combination found in Eq. ( fT8"| ) must be extracted 
independently from the data. It is plausible that such data could be taken at the Jefferson 
Lab in the future . 



Model-dependent estimates of the background have been given in Refs. p0 , |55[ . The 



authors of Ref. considered Born diagrams, vector meson contributions, and u-channel 
A processes. The resultant, kinematic-dependent background contribution to the asym- 
metry is 10% or less of the total. In the study of Ref. PD| , effective Lagrangians are used 
to study the asymmetry in the energy region from the pion threshold to the A resonance. 
The A is treated as a Rarita-Schwinger field with the phenomenological transition cur- 



rents given in Eqs. (44,45)- The background contributions are obtained from the usual 
Born terms, computed using pseudovector ttN coupling. No vector meson exchanges in 
the t-channel are included. Although this model violates the Watson theorem, there are 



no significant contributions from unitarity corrections in the energy region of interest f61~ l 



Furthermore, the model-independent terms dictated by chiral symmetry (low-energy the- 
orems) J23| are reproduced. The model was tested by comparing with the inclusive EM 
cross section, for which data exist. In fact, even allowing for a 50% uncertainty in the 
background, the model reproduces the EM cross section reasonably well. It becomes less 
reliable at momentum transfers above 1 — > 2 GeV 2 , since specific parameterizations for 
the g 2 -dependence of the N — > A form factors become important in this region. 

In the present context, we employ the model of Ref. |2D| to compute A7 2 \ and the 
background contribution to A 7 ^. We consider only single pion production background 
processes. The results are given in Fig. 4 and Tables 2 and 3. In Fig. 4, we show 
the individual terms A^ and total A 71 " = A 7 ^ + A^ + A 7 ^ as a function of incident 
energy for scattering at forward and backward angles. Tables 2 and 3 include the ratio 
A^/A 71 " for a variety of angles and incident energies. From these results, we find that the 
vector current background contribution in general increases with energy for fixed angle. 
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At the kinematics most suited for a determination of £^ =1 (e > 3 GeV, 9 = 10°), the 
vector current background contributes about 4-6% of the total. Thus, a probe for new 
physics at the one percent level would require a theoretical uncertainty in the background 
to be no more than 15-25% of the total for Aj 2 y Given that the present model permits 
a 50% uncertainty in the background and still produces agreement with inclusive EM 
pion production data, one could argue that a model estimate of AT^ is not sufficient 
for purposes of undertaking a one percent Standard Model test. It appears that the 
model-independent approach, in tandem with an experimental isospin decomposition of 
the EM pion production process, offers the best hope for achieving a sufficiently precise 
elimination of the vector current background. 

The situation regarding A^ appears more promising. At 9 — 10° and e = 1 GeV, 
we find A^/A^ « 6%, and so even a large uncertainty in A%. has negligible effect 
on an extraction of the axial term. At these kinematics, Q 2 is fairly low, and both the 
asymmetry and figure of merit would be the limiting factors for an extraction of A7 3 y 
As the energy increases somewhat, the figure of merit improves, but the requirements on 
A^) become more stringent. At 9 = 10° and e = 3 GeV, Aj 2 \ « A^, so the permissible 
uncertainty in the vector current backgrounds here need to be comparable to the desired 
precision for A^. At more moderate angles, the situation is similar. At 9 = 90° and 
e = 0.6 GeV, for example, we find A%JA7 3 \ ~ 30%, so A^ is not likely to be the limiting 
factor in an extraction of the axial term. But at 9 = 90° and e = 1 GeV, where the 
figure of merit is somewhat improved, A^ w A^, and again the vector backgrounds 
must be understood rather well to extract useful information about the resonant axial 
form factors. 

In order to extract C§ / C% from A^ , one must separate the resonant from non-resonant 
axial contributions. The latter contains two terms: a purely non-resonant contribution 
and a term arising from the interference of the resonant and non-resonant axial amplitudes. 
Within the present model, these two terms carry opposite signs, leading to significant 
cancelation between them. At forward angles and energies in the 1 to 2 GeV range, the 
magnitude of each is in the 15-30% range, yielding a total axial background contribution 
that is about 10% of A^. Although undertaking an estimate of the theoretical uncertainty 
in A7 3 s( background) is a subjective exercise, one might conservatively assign a 100% 
uncertainty to this term, leading to a 10% uncertainty in A^ (total) from axial vector 
backgrounds. 

B. Radiative correction uncertainties 

The most problematic uncertainties which enter the electroweak radiative corrections 
are those arising from non-perturbative hadronic effects. These hadronic uncertainties 
contribute via the quantity i?y =1 (had) appearing in Eq. (|7p and the analogous quantities 
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i?^ _0,1 (had) which modify the tree-level axial vector hadronic NC couplings^. In the 
limit of single vector boson exchange between the electron and target, vector current 
conservation protects A^ from receiving large hadronic effects. The reason is that for 
this term, J^ c and J EM differ only by a constant of proportionality (£y- =1 ). Consequently, 
in the hadronic ratio W PV /W most hadronic contributions to electroweak corrections 
cancel. This cancelation is not exact, due to light quark loop effects in the Z° — 7 mixing 
tensor. For the present purposes, however, the level of uncertainty associated with these 
light quark loops appears to be negligible |39| . 

This situation is modified when one considers corrections involving the exchange of 
two vector bosons between the electron and target, as shown in Fig. 5a. In this case, the 
response functions receive contributions from matrix elements of the form 

(Nn\T{j; 4}\N) , (79) 

where the are electroweak currents with a and b denoting appropriate combinations of 
the EM, NC, and CC operators. The matrix element of Eq. ( |79|) receives contributions 
from a plethora of intermediate states. Hence, the radiative correction depends on the 
sum of products of transition current matrix elements, and the simple cancelation in 
W PV /W EM that occurs in the one-boson exchange limit no longer applies ||21|| . The scale 
of this correction, sometimes referred to in the literature as a "dispersion correction", 
is nominally 0(a). Consequently, in order to extract constraints on new physics given 
£y =1 to one percent, one must have a reliable calculation of the dispersion correction. To 
date, no such calculation has been carried out. An estimate for elastic PV processes has 



been reported by the authors of Ref. |p9|| , where only the contribution from the nucleon 
intermediate state has been included. The results indicate that this contribution alone 
is not likely to be problematic. A complete calculation, for both elastic and inelastic 
processes, awaits future efforts. 

A second class of hadronic effects which requires further study affects only A7 3 \ at 
leading order. As illustrated in Fig. 5b, these effects involve parity-violating quark-quark 
interactions within the hadron, leading to an effective PV photon-hadron coupling |22]j62]| . 
Naively, these corrections are 0(a), and should not seriously affect a 25% determination 
of the axial vector transition form factors. This naive scale, however, is somewhat mis- 
leading. The full PV amplitude containing these corrections is no longer proportional to 
g v , as in the tree-level Z°-exchange case, since a photon is now exchanged. Hence, relative 
to the tree-level process, the amplitude involving hadronic PV is of order a/\g v \ ~ 10a. 
Furthermore, in the case of elastic PV electron scattering from the nucleon, the PV 



hadronic vertex receives additional infrared enhancements ||22| , |62|1 . Should these enhance- 
ments appear in the N —> A well, the scale of the correction could be as large as 
the tree-level process. Since the corrections from hadronic PV involve non-perturbative 
hadronic effects, they should be analyzed before an experimental determination of A^ is 
undertaken. At present, no such analysis has been reported in the literature. 



1 One also has contributions from Ry °(had) which enter the background term, A£j\. For 
simplicity, we omit any discussion of radiative corrections to the background contributions 
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VIII. EXPERIMENTAL CONSIDERATIONS 



For an estimate of the best design of a future experiment on the measurement of the 
asymmetry, we start with some information that represent a plausible run sequence at 



CEBAF 1 11 PL We use the following inputs: 



Luminosity C : 2 x 10 38 cm 2 s l , 

running time T: 1000 hours, 

solid angle AQ: 20 msr, (80) 

Energy range for the outgoing electrons Ae': 0.2 GeV, 

Polarization of electrons P e : 100%. 



The percent error for the asymmetry is calculated by the formula fl|,|T5H 

AA 1 Aa 1 1 



A A a AVN 
where the figure of merit (FOM) JF is given by 



(81) 



H^H'*- 42 (82) 

and where 

X = AQ x £ x T x P 2 . (83) 

The precise experimental numbers we choose are to a large extent arbitrary. Clearly 



the figure of merit can be very simply scaled using Eq. (plf ) for any numbers which differ 
from our assumptions. (For example, our solid angle assumption is overly conservative 
for backward angle experiments.) In order to further improve our numerical estimates, 
we use a more accurate effective parameterization of the pion production cross sections 
Details are provided in appendix A. The difference in total counting rate between 



the improved fits obtained from ref. and the direct results from Eqs. fl25|)-(|3~lD are 



generally small, typically of the order < 10-20%. 

As stated earlier, the physics of interest lies primarily in the quantities A^ and A^ . 
Focusing first on A^, we note that it is a constant, independent of e or 0i ab . As we 
see from Eq. (0), the overall asymmetry grows linearly with Q 2 , but the counting rate 
(N + and AL) drops rapidly at large Q 2 , due to transition form factors. Thus, there is 
in general a kinematical compromise required, and only some limited range of energy 
and scattering angle maximizes the statistical figure of merit defined above. In addition, 
independent of the figure of merit, one must also seek kinematics which suppress the 
uncertain non-resonant backgrounds, and suppress (for Standard Model tests) the axial 
transition term as well. The latter requirement forces one towards larger incident energies, 
but the need for moderate Q 2 (to keep the figure of merit high, and reduce the uncertainty 
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in the backgrounds) then demands smaller scattering angles. Going to smaller scattering 
angles, in turn, reduces the available solid angle of detection and, hence, also the figure 
of merit. There is clearly no completely unambiguous final choice for kinematic variables, 
the tradeoffs will ultimately depend on the specific experimental setup. 

In order to clarify this situation, we show in Fig. |6| a plot of A 2 N (scaled) versus 
incident energy and electron scattering angle. On this scale, reaching 1 corresponds to 
a 1% statistical uncertainty. This benchmark is clearly achievable for a narrow range 
of experimental conditions. There is a much broader range of kinematics where the 
curve exceeds 0.04, which corresponds to a 5% measurement of the asymmetry. To avoid 
contamination from A^ (arbitrarily keeping it below ~ 6% of the total asymmetry) one 
should keep the incident energy above ~ 2 GeV for forward angles, or rs 1.2 GeV at 
more backward angles. Again, more detailed numbers can be extracted from Tables || 
and III. At 3 GeV and 9 = 10°, for example, the expected statistical uncertainty in the 
measurement is AA stat / A tot ~ 0.8%, and the contributions from both and A^ are 
each around 4% of the total asymmetry. A one percent extraction of £y =1 would thus 
require knowledge of Aj 2 3 n with better than 25% uncertainty at these kinematics. While 
achieving the latter for A7 3 x appears feasible (see below), significant improvements in the 
present understanding of A^ would appear necessary. 

If one seeks to determine A^, the required kinematic conditions are, of course, some- 
what changed. The figure of merit must still be kept high (i.e. the statistical uncertainty 
in the total measured asymmetry must be kept low). In addition, the relative contribution 
of Aj 3 \ to the asymmetry must be as large as possible relative to the statistical uncertainty 
in the total asymmetry. It must also be larger than the uncertainty in the background 
term A^ . To illustrate these considerations, we show in Fig. |2| A^ as a function of Q 2 
for various incident energies. This figure clearly demonstrates that A^ is enhanced at 
lower incident energies, as we argued from basic kinematic coefficients in Section III. In 
the figure, the error bar is constructed by finding the standard deviation of the different 
results for the Adler amplitudes obtained from Table |, and should be considered a crude 
lower bound on the theoretical uncertainty in this quantity. Fig. |3| shows A^ as a function 
of both energy and scattering angle. Again, we observe the simple energy-dependence, as 
well as the relative lack of sensitivity to scattering angle. Tables || and |II| provide more 
detailed numbers for a variety of kinematics, for a single parameterization of the Adler 
form factors. 

In Fig. ^, we plot A^/ AA stat , versus both incident energy, e, and electron scattering 
angle, 8^. Here Aw is the contribution to the asymmetry arising only from the resonant 
axial transition terms: A^x the leading coefficients in Eq. (|6|). The kinematic region 
shown spans roughly what might be accessible at CEBAF. Selected numerical values are 
also collected in Tables || and |TJ. In order to extract A^ with the greatest precision, 
at least three criteria must be satisfied: (a) Arg\ / AA, tat must be as large as possible; 
(b) systematic uncertainties must be controllable at the same level as Ay4 stat /Aot; (c) 
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the contribution from A%\ must be considerably larger than that of A^ in order to 
minimize the impact of uncertainties associated with the latter. From Fig. [7] it is clear 
the forward angles and moderate to high energies are favored. Going to e > 2 GeV, 
however, reduces Ay4 stat /A tot to less than 1%, a level at which achieving similar systematic 
precision becomes problematic. Similarly, the relative contributions of A^ and A^ 
become commensurate as e increases beyond 2 GeV. 

A reasonable compromise among these considerations might be the following: incident 
energy in the range 1 GeV < e < 2 GeV, scattering angle 10° < 9 < 20°. The upper 
bound on energy keeps A^ reasonably large in comparison with A^, and the smaller 
angles help keep the count rate, and thus the figure of merit, high. Throughout this 
kinematic range, given our arbitrary set of experimental assumptions, AA stSut /A tot stays 
below ~5%; is more than a factor of 2 larger than Av4 sta t; A^ is larger than A^y, 
and A(3) stays bigger than 5% of the total asymmetry. At the optimal kinematics points, 
we find A(ty/AA stat « 4 which implies a 25% measurement of the axial form factor is 
possible. Under these conditions, the A^ contribution is roughly 40% as large as that of 
A^-p so that a 50% uncertainty in the background would not impair a 25% determination 
of the axial response. 

IX. SUMMARY 

In this study, we have analyzed the PV N — > A transition with an eye toward a 
prospective measurement of the PV asymmetry. In particular, we have considered the 
sensitivity of Alr to various scenarios for physics beyond the Standard Model - such 
as leptoquarks, additional neutral gauge bosons, and fermion compositeness - as well as 
to transition form factors of interest to hadron structure theory. After estimating the 
precision with which Alr might be determined in a realistic experiment, we have also 
estimated the scale of background effects at the kinematics most suited for probing new 
electroweak physics or hadron structure with this process. 

Generally speaking, we find that, in order for Alr(N — > A) to compete with atomic 
PV or elastic PV electron scattering as a low-energy new physics probe, a measurement 
at significantly better than one percent precision would be required. There do exist 
some new physics scenarios for which A^r at the one percent level could provide useful 
isospin information, although a measurement of the elastic proton asymmetry would fulfill 
essentially the same purpose ||72|| . Even at the one percent level, however, a measurement 
would be experimentally challenging at best. Furthermore, it appears that background 
processes are not sufficiently well understood to permit a separation of the isovector weak 
charge (£y =1 ) from the non- resonant background corrections (A^). Future experimental 
isospin decomposition of the EM pion electroproduction process could ultimately allow a 
model-independent background subtraction with sufficient precision. 
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The use of Alr(N — > A) as a probe of hadron structure appears to be a more feasible 
prospect at present. A ~ 25 — 30% determination of the hadronic axial vector response, 
embedded in A%\, could be carried out with realistic running times. Furthermore, at rea- 
sonable kinematics for such a measurement, e.g. 9 = 20°, e = 1 — > 2 GeV, the backgrounds 
appear to be sufficiently under control. The axial response is dominated by the form factor 
ratio C^/C^, the knowledge of which would complement information about the vector 
current transition form factors obtained form EM processes. While a 25% determination 
of Cs/C]f would not allow for a detailed discrimination among hadron structure model 
predictions, it would significantly improve upon knowledge obtained from charged current 
neutrino reactions and test model predictions at the level of the theoretical-experimental 
discrepancies arising in the vector current sector. A complete theoretical analysis of A^ , 
including the effects of potentially large and theoretically uncertain radiative corrections 
associated with hadronic PV, awaits a future study. 
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APPENDIX: PARAMETERIZATION OF TOTAL vr PRODUCTION CROSS 

SECTION 



Although Eq. fl25|) (combined with model parameters and Q 2 dependences for the 
transition form factors) provides a consistent estimate of the total cross section, and 
hence the event rate for given experimental conditions, we use a presumably more accurate 
estimate based on a direct parameterization of the cross section data from reference [63]. 
The cross section is given by [ p3| , |55| ], 

d 2 cr „ . . 

*w = r ' s < A1 > 
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where 



a Kp E' 
1 2vr 2 Q 2 E (1 - e) 

Kq is the photon energy in the lab at Q 2 = 0: 



(A2) 



K, 



o 



W 2 — M 2 
2M 



(A3) 



and we have changed notation slightly: E and E' are now incident and outgoing electron 
energies, while e is now the "virtual photon polarization" , or 



1 



S is 



1 + 2 (1 + u 2 /Q 2 ) tan 2 (0/2)' 



£ = ( x T (y,jy) + e (x L (V,jy), 



(A4) 



(A5) 



ot and are the transverse and longitudinal cross-sections for initial photon-hadron 
reaction, v = E — E' . For the virtual photon cross-section, we use the parameterization 



by Brasse et al. f64 



K 0/ 



(A6) 



where the Go is the dipole form factor 



G D (Q 2 ) = 1 + Q 2 /0.71GeV' 



(AT) 



and we use the following sets of parameters, all for W = 1.23 GeV, depending on what 
the value of e is: 



e abed 
e < 0.6 6.149 1.929 -0.087 3 
0.6<e< 0.9 6.117 1.1866 -0.071 3 
e> 0.9 6.125 1.887 -.065 3 



(A8) 
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1.39 
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-0.29 ±0.006 0. 


37 ±0.03 




1.48 


-1.13 











-0.38 


1.17 




1.32 


-0.79 


-0.36 


0.014 


-0.0013 


-0.66 


1.16 


0.032 


1.37 


-0.66 


-0.59 


-0.015 


0.0008 


-0.657 


1.20 


0.042 


1.29 


0.78 


-1.9 


-0.15 


0.052 


0.052 


0.813 


-0.17 



TABLE I. Values of Adler form factors at Q 2 = in various empirical and theoretical 
approaches. "— " means the reference does not provide a prediction. As discussed in the text, C§ 
is a pseudoscalar response, and effectively does not contribute to the PV asymmetry. "Non-pole" 
indicates that the pion pole contributions to Cq have not been included in the predictions cited 



(see Ref. j73|). 
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-C/^LreVJ V\ ah { ) (J [ueV ) 


10 A ^ A tot ( /o ) a- ( /o ) a- ( /o ) s Astat 


.4 10. .001 
.5 10. .002 
.6 10. .005 
.7 10. .008 
.9 10. .015 


-.01 148.5 -.19 23.2 .2 
-.03 45.9 -.24 20.4 .4 
-.06 24.2 -.30 17.7 .7 
-.09 15.1 -.37 15.5 1.0 
-.17 7.7 -.55 12.2 1.6 


.4 15. .002 
.5 15. .005 
.6 16. .012 
.7 16. .019 
.9 15. .033 


-.02 100.1 -.22 23.2 .2 
-.07 31.2 -.33 20.3 .7 
-.14 15.7 -.46 17.6 1.1 
-.22 9.9 -.61 15.3 1.5 
-.37 5.5 -.98 12.1 2.2 


.4 20. .003 
.5 20. .009 
.6 20. .018 
.7 20. .029 
.9 20. .058 


-.04 76.3 -.27 23.1 .3 
-.12 24.0 -.45 20.2 .8 
-.22 13.0 -.67 17.5 1.3 
-.34 8.3 -.92 15.2 1.8 
-.64 4.5 -1.50 12.0 2.7 


.4 45. .013 
.5 45. .041 
.6 45. .078 
.7 45. .122 
.9 45. .232 


-.16 38.9 -.61 22.4 .6 
-.49 13.2 -1.34 19.1 1.5 
-.90 7.6 -2.06 16.4 2.1 
-1.38 5.4 -2.76 14.2 2.6 
-2.53 3.8 -4.04 11.2 2.9 


.4 90. .035 
.5 90. .106 
.6 90. .192 
.7 90. .291 
.9 90. .517 


-.43 28.0 -1.32 21.0 .8 
-1.24 10.9 -2.81 17.1 1.6 
-2.18 7.4 -3.92 14.3 1.9 
-3.21 6.0 -4.76 12.2 2.0 
-5.53 5.2 -5.95 9.3 1.8 


.4 180. .054 
.5 180. .157 
.6 180. .276 
.7 180. .407 
.9 180. .694 


-.65 26.7 -1.88 19.8 .7 
-1.81 11.6 -3.70 15.5 1.3 
-3.08 8.5 -4.82 12.7 1.5 
-4.43 7.5 -5.58 10.7 1.4 
-7.33 7.3 -6.58 8.1 1.1 



TABLE II. Columns 4-8 give SM prediction of the asymmetry, the experimental statistical 
uncertainty for the asymmetry (given the assumptions of section VIII), the percentage con- 
tribution of the vector current backgrounds, the percentage contribution of the axial-vector 
excitation of the Delta, and ratio of axial contribution to statistical uncertainty, respectively, 
as functions of energy and scattering angle. Q 2 is calculated assuming we are sitting on the A 
peak. A 71 " = A 7 ^ + ^(2) "'"^(S)' anc ^ ^(3) * s ^ ne contribution to the asymmetry arising from A^. 
The axial contribution uses the parameter set of Adler-Kitagaki, but assumes C\ is constrained 
by the quark model relation, Eq. (|5l|). 



38 



£(GeV) Iab (°) Q 2 (GeV 2 ) 


io 5 Aot (%) ^(%) ^(%) 


1.0 10. .020 
2.0 10. .098 
3.0 10. .231 
4.0 10. .418 


-.22 5.9 -.7 11.0 1.9 
-1.01 1.4 -2.2 5.5 3.8 
-2.33 .8 -4.0 3.6 4.3 
-4.17 .7 -5.5 2.6 4.0 


1.0 15. .044 
2.0 15. .211 
3.0 15. .491 
4.0 15. .872 


-.48 4.3 -1.2 10.9 2.5 
-2.17 1.3 -3.8 5.4 4.1 
-4.94 1.0 -5.9 3.5 3.6 
-8.68 1.0 -7.4 2.4 2.5 


1.0 20. .075 
2.0 20. .355 
3.0 20. .808 
4.0 20. 1.406 


-.82 3.6 -1.8 10.9 3.0 
-3.64 1.4 -5.0 5.3 3.8 
-8.11 1.3 -7.1 3.3 2.5 
-13.96 1.6 -8.9 2.2 1.4 


1.0 45. .296 
2.0 45. 1.199 
3.0 45. 2.416 
4.0 45. 3.816 


-3.19 3.4 -4.6 10.0 2.9 
-12.18 3.5 -8.0 4.4 1.3 
-24.02 5.3 -12.5 2.3 .4 
-37.54 8.7 -36.6 1.3 .2 


1.0 90. .641 
2.0 90. 2.123 
3.0 90. 3.805 
4.0 90. 5.566 


-6.79 5.2 -6.4 8.3 1.6 
-21.30 8.9 -11.2 3.2 .4 
-37.52 16.1 -32.7 1.5 .1 
-54.46 26.8 -13.4 .8 .0 


1.0 180. .846 
2.0 180. 2.526 
3.0 180. 4.320 
4.0 180. 6.150 


-8.85 7.5 -7.0 7.1 .9 
-25.21 14.5 -11.9 2.7 .2 
-42.48 26.5 -33.9 1.3 .0 
-60.08 43.8 -10.4 .6 .0 



TABLE III. Same as previous table, for higher incident energies. 
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FIGURES 




FIG. 1. Feynman diagram for tree-level electroweak excitation of the A resonance. 
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FIG. 2. as a function of Q 2 in for different incident electron energies, e. We computed 

transition form factors using the models of Table I to generate a rough spread of theoretical 
results, shown by the error bars. 
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FIG. 3. As in previous figure, with A^ plotted in 3 dimensions versus both incident energy, 
e, and electron scattering angle, #i a b- We have computed A^ only with the Adler-Kitagaki |Q 
parametrization here. 
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FIG. 4. Contributions to the asymmetry from the A^ defined in the text as a function of 
incident energy for 9 = 10°. Here, A n = Afa + AJ 2) + AJ 3) . 
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(b) 

FIG. 5. Higher-order, hadron structure-dependent electroweak corrections to the asymme- 
try. Fig (a) shows two-boson exchange "dispersion correction", where V,V = r y,Z°,W ± . Fig 
(b) illustrates corrections arising from hadronic parity violation. Here, open circle indicates 
a parity-conserving coupling and ® denotes a weak, PV coupling. Here, V indicates a vector 
meson such as the p or uj. 
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FIG. 6. As in Figure ||, a 3-D plot of a measure of the figure of merit, A 2 N, scaled by 10 4 , 
versus incident energy and electron scattering angle. 




scattering angle. (The shading is determined by the value of A^, smaller values are shaded 
darker) 
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